Drug addiction is a chronic disorder resulted from complex interaction of genetic, environmental, and developmental factors. Epigenetic mechanisms play an important role in the development and maintenance of addiction and also memory formation in the brain. We have examined passive avoidance memory and morphine conditioned place preference (CPP) in the offspring of male and/or female rats with a history of adulthood morphine consumption. Adult male and female animals received chronic oral morphine for 21 days and then were maintained drug free for 10 days. After that, they were let to mate with either an abstinent or control rat. Male offspring's memory was evaluated by step through test. Besides, rewarding effects of morphine were checked with CCP paradigm. Offspring of abstinent animals showed significant memory impairment compared to the control group which was more prominent in the offspring of abstinent females. Conditioning results showed that administration of a high dose of morphine (10 mg/kg) that could significantly induce CPP in control rats, was not able to induce similar results in the offspring of morphine abstinent parents; and CPP was much more prominent when it was induced in the offspring of morphine exposed females compared to the progeny of morphine exposed males. It is concluded that parental morphine consumption in adulthood even before mating has destructive effects on memory state of the male offspring and also leads to tolerance to the rewarding effects of morphine. These effects are greater when the morphine consumer parent is the female one.
Introduction
Addiction is a chronic relapsing disorder which is characterized by compulsive drug use and seeking, despite harmful consequences [25] . Addictive drugs such as opioids exert their reinforcing effects via stimulation of the mesocorticolimbic dopaminergic pathway and release of dopamine in the nucleus accumbens (NAc) [18] .
Societal differences in drug consumption pattern between various countries propose a great environmental element. On the other hand, reliable evidence exist that drug addiction is a hereditary disorder and it has been claimed that genetics can affect addiction with estimates ranging from 0.30 to 0.70 [27] . However, it should be mentioned that the effect of heritable factors may vary according to the gender, age and cultural features. At last, studies have concluded that the interaction between genes and environment may determine the risk of addiction in an individual exposed to drugs of abuse [3] .
The term "epigenetics" states for hereditary changes in phenotype or gene expression that cannot be straightly resulted from changes in DNA sequence. For example, histone acetylation, DNA methylation, and micro RNA can modify the result of transcription [23] . It has been proposed that epigenetic factors are involved in inheritance of some disorders including addiction. For example, histone acetylation and DNA methylation may happen in NAc and striatum after drug experience [7, 26, 38] .
Addictive drugs such as opioids can affect normal learning and memory pathways via interaction with several neurotransmitter systems. When an individual faces a new event, a dopaminergic signal is sent from midbrain to dorsal and ventral striatum which enables learning about the novel happening [36] . As all of the addictive drugs ultimately lead to dopamine release in the striatum [44] , thus they can generate non-natural learning signals that are greater than signals normally generated in reaction to natural occurrences [43] . Epigenetic elements are critically involved in the development and maintenance of memory in the brain [45] . Previous studies have shown that prenatal morphine administration can induce memory deficit in passive avoidance task and Morris water maze [31, 34] .
In nearly all previous studies that have evaluated the trans-generational effects of morphine consumption, maternal exposure to the drug was either in pregnancy [4, 5, 33, 37, 41] which leads to the exposure of fetus to morphine, or in the adolescent age which could have critical impact on the development of endocrine and neural structures [12] [13] [14] . Thus here we have induced morphine addiction in adult rats many days before mating to exclude both the effects of the drug on developmental parameters of parents and also direct exposure of fetus to morphine. Then we have studied memory state and also the rewarding effects of morphine in F1 male offspring using passive avoidance task and conditioned place preference, respectively.
Materials and methods

Animals
Male and female adult Wistar rats purchased from Pasteur Institute (Tehran, Iran) were used at the beginning of the study. The animals were maintained four per standard cages under controlled temperature (22 ± 2°C) and a 12/12 h light-dark cycle (light beginning at 7 A.M.) with ad libitum access to food and water. All animal experiments were carried out in accordance with the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978). All procedures were approved by the Ethics Committee of Animal Studies of Tehran University of Medical Sciences.
Drugs
The drugs used in the study were morphine sulfate (Temad Co., Tehran, Iran), naloxone hydrochloride (Sigma-Aldrich) and sucrose (Merck). Naloxone hydrochloride and morphine sulfate were dissolved in 0.9% saline and injected intra-peritoneal (i.p.) and subcutaneous (s.c.), respectively. Morphine was also dissolved in distilled water and consumed orally in some other experiments. Sucrose was also dissolved in distilled water for oral administration.
Experimental design
Parental morphine exposure
Twenty male and twenty female rats received morphine orally by dissolving the drug in their drinking water for 21 days [8] . During this time, only one rat was maintained in each cage. The escalating concentrations of morphine solution were 0.1, 0.2, and 0.3 mg/ml for the first six days (each dose was administered for 2 days) and then 0.4 mg/ ml for the remaining 15 days of administration. The bitter taste of morphine was covered by adding 2% sucrose to the solution. It should be mentioned that the effectiveness of this protocol in the development of addiction after 21 days was confirmed by injecting naloxone (morphine antagonist) 3 mg/kg i.p. and observation of withdrawal symptoms in an extra group of animals (5 males, 5 females). Thus, our main study animals did not receive naloxone at the end of duration of morphine consumption.
Mating protocol
When the duration of morphine exposure (21 days) was passed, animals were maintained drug free for ten days. At the end of this abstinence period, rats were prepared for mating in 40 boxes as describe below: 1) one healthy male and one healthy female in a box (10 boxes), 2) one healthy male and one abstinent female in a box (10 boxes), 3) one abstinent male and 1 healthy female in a box (10 boxes), and 4) one abstinent male and one abstinent female in a box (10 boxes). Each female animal was checked for vaginal plaque every day. Male offspring were arranged into 4 groups: control (offspring of healthy parents), Mor-F (offspring of abstinent female and healthy male rats), Mor-M (offspring of abstinent male and healthy female rats), and Mor-FM (offspring of abstinent male and abstinent female animals). Approximately 3-5 male offspring were born in each litter. However, we did our best to take 1 pup/litter for each test. The schematic diagram of study design is depicted in Fig. 1 . Number of litter and mortality rate in each group was recorded. Using the fact that rats naturally prefer dark environment, the shuttle box is designed to measure inhibitory avoidance (IA) memory. In the first day, the animal was placed in the apparatus (the guillotine door was opened) and let to explore both compartments for 3 min. If an animal did not enter the dark chamber at all, it was removed from the study. In the second day, animals were first placed in the lab room for at least 30 min. Then, each animal was put in the bright compartment of the apparatus. After 10 s, the guillotine door was opened so that the animal could freely move to the dark part. The recorded parameter was the latency of the animal to move to the dark chamber. If the latency of an animal was > 100 s, it was excluded from the study. After complete movement of the animal to the dark chamber (with all four paws), the guillotine door was closed and the animal was returned to its home cage. 30 min later, the animal was again put into the apparatus and the door was opened after 10 s. This time, immediately after the movement of the animal to the dark chamber, the door was closed and a foot shock (50 Hz, 1 mA, and 5 s) was provided to the grid floor. After 20 s, the animal was returned to its home cage and let to stay there for 2 min. Then the animal was again tested similar to the previous sessions and the latency of entrance to the dark chamber was measured. Residence of the animal in the bright chamber with no movement to the dark side for at least 120 s was recorded as successful acquisition of IA memory. However, if an animal moved to the dark chamber before 120 s, the guillotine door was closed and another shock was applied to the animal. The testing session was prepared in the third day without delivering electric shock. First, the animal was put in the bright side of the apparatus. 10 s later, the guillotine door was lifted up and the step-through latency for entrance to the dark chamber was recorded. If an animal either stayed in the bright chamber for 300 s (which was the cut-off time) or moved to the dark chamber, the experiment was completed.
2.4.2.
Conditioned place preference (CPP) 2.4.2.1. Apparatus. The apparatus used for place conditioning included three wooden chambers (A, B, and C). The size of chamber A and B was similar (40 × 30 × 30 cm) but their shadings were unlike. Chamber A had a textured floor and its walls were white in color with black horizontal stripes. Chamber B had a smooth floor and black walls with vertical white stripes. The width of strips in both chambers was 2 cm. The color of chamber C (40 × 15 × 30 cm) was orange and it was attached to the rear of chamber A and B. Manual guillotine doors were provided to separate the three parts of the apparatus from each other. If all the doors were lifted up, the animal was able to freely enter the chambers A and B via chamber C.
Behavioral test.
The paradigm of CPP evaluates the rewarding and reinforcing effects of drugs such as morphine [21] . The test is performed on five consecutive days and has three following stages:
A) Preconditioning:
In the first day, rats were familiarized with the CPP apparatus for 15 min. Guillotine doors were opened, and animals could easily move between all three chambers of the apparatus and explore it. The amount of time spent in each compartment and locomotion activity were measured in order to find the less preferred chamber (the position of the rat was defined by the position of its all four paws).
B) Conditioning:
Place conditioning stage was begun in the day 2 and last to day 4 (3 consecutive days). During these 3 days, a total of six 45-min sessions (two sessions each day) were conducted. The interval between two sessions in a day was 6 h (first session at 8 A.M. and the second one at 2 P.M.). The six trials consisted of three saline and three morphine pairings. On each of these days, experimental distinct groups received one conditioning session with morphine (2.5 or 5 or 10 mg/kg) and one with saline. During these sessions, rats were kept in the chamber by closing the guillotine door. The animals of each group were placed in the white compartment (less preferred compartment) of the apparatus after administration of morphine and kept there for 45 min. 6 h later and following administration of saline, the animals were retained in the dark (more preferred) compartment for 45 min.
C) Testing:
The testing phase or post conditioning phase was performed on day 5 (1 day after the last conditioning session) without morphine or saline injection in order to exclude the potential motor effects of morphine [24, 32] . The testing phase was performed by placing the animal in the apparatus for 15 min while the doors were lifted up and the animal could freely move between chambers. Each animal was tested only once and only one animal per litter was in each dose. The time spent in drugpaired compartment (white) and black chamber was recorded for each animal.
Statistical analysis
One-way and repeated measure analysis of variance (ANOVA) was used for data analysis (SPSS software version 21). After observing a significant P value, post hoc analysis (Tukey test) was performed to evaluate precise group comparisons. Evaluation of data in Fig. 3 was done by t-test. Chi square test was used for analysis of mortality rate data. The level of statistical significance was set at P < 0.05.
Results
Adulthood morphine intake in parents prior to mating increases the mortality rate in their offspring
It should be mentioned that we selected male offspring because we wanted to minimize the effect of alterations of sexual hormones on results of passive avoidance and CPP tests. Thus, the only parameter that was different between the offspring in our experimental groups was the history of morphine consumption in their parents. None of the pups in our study were born dead. However, after birth, some of them died in each group. We counted all the pups in different groups of litters and also the number of dead animals and then calculate the mortality percentage in experimental groups. The data presented in Table 1 indicated that the mortality rate of offspring of abstinent parents was more than the offspring of control animals. Chi-Square analysis revealed that mortality rate of offspring is related to the history of morphine addiction in parent(s) (χ 2 = 19.033, P < 0.001). We did not observe a significant relationship between the number of litters per parturition and history of morphine consumption in parents.
3.2.
Passive avoidance memory is decreased in the male offspring of abstinent parents compared to the control group Post hoc analysis revealed that STL is significantly decreased in the male offspring of all three experimental groups compared to control animals (P < 0.001). Furthermore, the data showed that the STL was significantly reduced in Mor-F and Mor-FM compared to Mor-M group (P < 0.05). The number of foot shocks received during training session of passive avoidance test was not significantly different between groups (data not shown). A total of 7 rats were omitted from the study because of lacking the criterion of entering the dark chamber before 100 s in the second day of the test.
Morphine-induced conditioned place preference (CPP)
Apparatus biased
Comparison of the time that animals spent in the white and black chambers of the CPP apparatus on the pretest day (by paired samples ttest) revealed that animals had a significant preference for the black chamber (t (158) = 17.72, P < 0.001). As is depicted in Fig. 3 , animals spent an average of 417.45 ± 16.63 s in black chamber vs. 109.67 ± 5 s in white chamber within 900 s. Therefore, the white compartment was less chosen by all animals. It should be mentioned that the time spent in between-chambers was not counted either when evaluating apparatus bias or assessing preference shift after conditioning. Fig. 4 demonstrates the effects of different doses of morphine on place conditioning in the control group (n = 8). The figure compares the time spent in non-preferred (white) compartment before (day 1) and after (day 5) morphine conditioning using repeated measures ANOVA. The results revealed that conditioning to morphine in CPP paradigm depends on the dose of the drug [F (3, 28) = 39.41, P < 0.001]. Post hoc test showed that morphine did not induce reinforcing effect in its low dose (2.5 mg/kg) in animals with healthy parents. However, subcutaneous injections of 5 (P < 0.01) and 10 (P < 0.001) mg/kg morphine was able to induce preference to white chamber in the control group. As no significant difference was found in the locomotor activity of animals in pre-and post-conditioning days (data not shown), it can be said that residing in the morphine conditioned chamber is only because of reinforcing effects of morphine. Fig. 5 demonstrates the effect of treatment with low dose morphine (2.5 mg/kg) on CPP test in control, Mor-F, Mor-M, and Mor-FM groups (n = 8 in each group). Repeated measures ANOVA showed that offspring of abstinent parent(s) did not prefer the white chamber when they were conditioned with low dose of morphine (similar to the control group). No significant difference was observed in the locomotion of animals in pre-and post-conditioning days in experimental groups (data not shown). Fig. 6 shows that repeated administration of the high dose of morphine (10 mg/kg) induced CPP in the study groups [F (3, 28) = 14.17, P < 0.001] (n = 8 in each group). It can be seen that Mor-F and Mor-FM animals are more tolerant to the reinforcing effects of morphine (10 mg/kg) compared to the control group. The offspring in the Mor-M group were not significantly different from control in response to morphine. No significant variation was found in the locomotion of animals in pre-and post-conditioning days in evaluated groups (data not shown). Step through latency in control, Mor-F, Mor-M, and Mor-FM groups. Bars represent mean ± S.E.M. of 8 values in each group. ***P < 0.001 compared to the control group. # P < 0.05 and + P < 0.05 compared to the Mor-M group (n = 8). Fig. 3 . Apparatus bias. Time spent on pretest day in the white and black chambers of the CPP device for the duration of 900 s. ***P < 0.001 compared to the white chamber. Fig. 4 . Morphine-induced CPP in control rats. Time spent in the firstly non-preferred (white) side of the CPP apparatus on the pre-conditioning and post-conditioning days. **P < 0.01 and ***P < 0.001 compared to the saline (n = 8).
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Discussion
Both genetics and environment are involved in the susceptibility of addiction development following an initial exposure to drugs of abuse including opioids [46] . In addition, recent data have demonstrated that addictive drugs can exert their effects even trans-generationally and influence the offspring of addicted parents [12] . The fact that both oocyte and sperm has opioid receptors means that morphine exposure can affect germ line cells [2, 6] .
Studies concerning the effects of adulthood parental drug exposure (and before gestation) on state of memory and response to morphine in the offspring are very limited. To our knowledge, this is the first attempt to evaluate the effects of morphine exposure in adult parents (mother and/or father) before mating on passive avoidance memory and CPP in their F1 male offspring. Our results indicated that parental morphine exposure before gestation leads to the attenuation of passive avoidance memory in their male offspring. It has been shown in previous studies that consumption of addictive drugs can impair memory by affecting dopaminergic and glutamatergic pathways in the brain [43] . Morphine as the prototype of opioid drugs can impair avoidance memory in step-through test depending on the time of administration (pre-train/post-train or pre-train/test) [49] . Most of the data gathered about the effects of parental drug abuse on memory of the offspring are prenatal studies which the trans-generational effects of the drugs on memory state cannot be distinguished from their direct effects on the fetus. For example, it has been reported that morphine exposure in prenatal life-time can impair passive avoidance memory by induction of apoptosis in the hippocampus and down-regulation of expression of the brain-derived neurotrophic factor (BDNF) [31] . In addition, offspring of morphine exposed sires have shown a significant decrease in their hippocampus weight and synaptic plasticity [35] . It has been reported that morphine exposure in parents leads to alterations of long-term potentiation (LTP) and long-term depression (LTD) in the hippocampus of the offspring which could ultimately weaken the synaptic plasticity and memory [35] . Spatial memory deficits in Morris water maze have been observed in the offspring of opium dependent father and/or mother [34] . Deficits in working memory and spatial learning has also been found in the offspring of alcohol-exposed sires [1, 48] . As the offspring in our study did not receive morphine in their fetal age but showed severe impairment in their memory process, it may be proposed that opioid consumption of parents has probably induced some changes via epigenetic mechanisms that has been transferred to the next generation. Functional and anatomical brain alterations in the offspring of morphine abstinent parents have been reported [14, 17, 35] . Epigenetic modifications such as histone acetylation and DNA methylation may modulate the development and maintenance of long-term memory. It has been shown that hippocampal inhibition of DNA methyltransferase enzymes disturbs the development of conditioned shock-fear memory [29] . Also, inhibition of DNA methylation in dorsomedial prefrontal cortex area of mice has led to great impairment of consolidation of longterm fear memory [28] . Enzymes involved in histone alterations such as histone methyltransferase G9a has also been shown to be involved in memory [20] . Although our results showed that both maternal and paternal morphine exposure can impair memory in the offspring, the data also demonstrated that the effect of maternal drug exposure on memory disruption in the offspring is more prominent than the effect of paternal history of drug addiction. Further studies are needed to be performed in the future to clarify the exact reasons and mechanism(s) of our observations.
In CPP experiments, morphine was paired with the chamber that was not preferred by the animals at the beginning of the experiments [10, 22, 40] . Our data showed that administration of a high dose of morphine that effectively induced CPP in control rats (10 mg/kg) was not able to generate CPP in the offspring of morphine abstinent parent (s). It was found that the offspring born of healthy female and morphine-abstinent male mating were conditioned similar to the control group; however, the progeny of morphine exposed females and also the progeny of morphine exposed males and females were somehow tolerant to the reinforcing effects of morphine. Previous prenatal studies have demonstrated that maternal morphine exposure leads to a significant tolerance to morphine only in the male offspring [47] . Also, prenatal exposure to morphine, methadone or buprenorphine could result in more tolerance to morphine in the offspring compared to the control group [16] . In addition, prenatal exposure to cocaine may lead to a decreased response to reinforcing effects of morphine [19] . In prenatal studies, it has been suggested that increased tolerance to morphine in the offspring is the result of repeated gestational drug exposure which may lead to long-lasting changes in the organization and function of brain reward system. However, as the offspring in our study did not receive morphine in their fetal age, it seems logical to search for the reason of their morphine tolerance in their parent(s). After chronic consumption of morphine, different mechanisms such as up-regulation of the cyclic adenosine monophosphate (cAMP) pathway, modifications of cAMP response element binding (CREB) protein, and regulation of GABAergic and glutamatergic transmission may result in drug tolerance [15] . As many of these changes are long-lasting, it seems reasonable that they may be transferred to the next generation and result in a considerable morphine tolerance in the offspring. Our data also showed that Mor-F and Mor-FM groups was significantly more tolerant than the Mor-M animals which means that the effect of maternal morphine exposure on drug tolerance in progeny is considerably greater than the effect of paternal morphine consumption. Previous studies have suggested that tolerance to opioids in females is different from males; for example, development of tolerance in females is faster than males [9] . Although we have not measured the amount of consumed morphine in the male and the female parents, however, it may be possible that the amount of ingested morphine was different between two sexes which could affect the rate and amount of drug tolerance development. This point should be clarified in the future studies. Thus, it seems possible that the difference between Mor-F and Mor-FM with Mor-M group in tolerance to the rewarding effects of morphine resides in the mechanism of morphine tolerance development in their parents that has probably been transmitted to the progeny. Confirmation of this hypothesis needs further evaluation in the future. At last it should be mentioned that as withdrawal can be stressful for the animal and administration of saline 6 h following the morphine may induce acute withdrawal from the morphine, therefore, the test may also be examining conditioned place aversion to the withdrawal felt during the saline pairing. Besides, the observed decrease in CPP in the offspring of abstinent parents may be due to the memory impairments (as evidenced from the passive avoidance data) or decrease in the rewarding value of morphine. It could also be resulted from enhanced aversion as is mentioned at the beginning of the paragraph.
Conclusion
Present study demonstrated that exposure to morphine in adult rats (male and/or female) even 10 days before gestation impairs the inhibitory avoidance memory in male offspring. Also, morphine consumption before mating results in the development of tolerance to morphine in the male offspring. The mechanisms involved in such transgenerational effects are still unknown and maybe more complex. One of the limitations of our study is that we did not measure the morphine intake in male and female parents which could also give some useful information. Besides, we only examined male offspring and thus our study cannot give information about the role of sex in the offspring's behaviors. Opioid consumption even before conception possibly will change the prenatal hormonal background, thus altering the developmental pattern of progeny. On the other hand, previous experience of opioids can influence the development of offspring via induction of changes in maternal care ( [11, 30, 39, 42] ).The exact mechanism(s) of above alterations needs further studies in the future.
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